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Abstract
Background: Meiosis is a critical process in the reproduction and life cycle of flowering plants in which
homologous chromosomes pair, synapse, recombine and segregate. Understanding meiosis will not only advance
our knowledge of the mechanisms of genetic recombination, but also has substantial applications in crop
improvement. Despite the tremendous progress in the past decade in other model organisms (e.g., Saccharomyces
cerevisiae and Drosophila melanogaster), the global identification of meiotic genes in flowering plants has remained
a challenge due to the lack of efficient methods to collect pure meiocytes for analyzing the temporal and spatial
gene expression patterns during meiosis, and for the sensitive identification and quantitation of novel genes.
Results: A high-throughput approach to identify meiosis-specific genes by combining isolated meiocytes, RNA-Seq,
bioinformatic and statistical analysis pipelines was developed. By analyzing the studied genes that have a meiosis
function, a pipeline for identifying meiosis-specific genes has been defined. More than 1,000 genes that are
specifically or preferentially expressed in meiocytes have been identified as candidate meiosis-specific genes. A
group of 55 genes that have mitochondrial genome origins and a significant number of transposable element (TE)
genes (1,036) were also found to have up-regulated expression levels in meiocytes.
Conclusion: These findings advance our understanding of meiotic genes, gene expression and regulation,
especially the transcript profiles of MGI genes and TE genes, and provide a framework for functional analysis of
genes in meiosis.
Background
Despite more than a century of research, the mechanisms
of meiosis in flowering plants remain largely unknown
with respect to the regulation and progression of homo-
logous chromosome pairing, synapse, recombination, and
segregation [1-3]. Until the late 1990s, yeast was the pri-
mary model system for investigating the molecular
mechanisms of meiosis [4], while flowering plants were
only sparingly explored with the exception of cytological
studies [5,6]. In the past decade, however, flowering
plants have become model systems to unravel the princi-
ples of meiosis in multicellular organisms [6-8]. Genetic
resources from model plants such as Arabidopsis and
rice have been significantly enhanced since the year 2000
as genome sequences were completed and genome-wide
T-DNA insertion mutants became available [9-12].
Compared to the functional genomic studies on pollen/
gametophyte, in which significant progress has been made
[13-15], using flowering plants to study meiosis has some
inherent methodological challenges, especially the rela-
tively small physical size of anthers that undergo meiosis
in plants, and the small size is particularly the case in Ara-
bidopsis [5]. Although the male meiocytes (pollen mother
cells) are highly synchronized in anther lobes, each anther
contains only a small fraction of male meiocytes. For
instance, male meiocytes constitute about 1% of Arabidop-
sis anther tissues, making the isolation of meiocytes chal-
lenging (Figure 1B). To date, several methods have been
developed to concentrate meiocytes for transcriptome or
proteome profiling. One approach was developed for col-
lecting meiocytes from Brassica that have larger anthers
[5]. Subsequent meiotic proteomics analysis, however,
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could not directly characterize gene functions in meiosis
due to the limited genetic resources in Brassica, i.e., a
characterized mutant collection, although a number of
genes with potential functions in meiosis were identified
[5]. Other researchers have collected anthers that are
undergoing meiosis in several species, such as Arabidopsis
[16], rice [17,18], maize [19] and wheat [20] for transcrip-
tomic studies, since anthers are much easier to obtain
compared to meiocytes. As mentioned above, this
approach is inefficient for the exploration of meiosis, as
only a small portion of cells in anthers are meiocytes (Fig-
ure 1B). Genes identified through this approach also
included genes that are specific for anther wall develop-
ment (Figure 1B) [16].
We hypothesize that the meiosis-specific genes can be
identified by comparing transcriptome profiles of meio-
cytes and anthers with seedling controls. A number of
techniques are available for sampling specific plant cells,
including fluorescence-activated cell sorting (FACS) [21]
and laser capture microdissection (LCM) [22,23]. LCM
has been successfully applied in specific plant cell sam-
pling and transcriptome analyses [24-28], such as tran-
scriptional profiling during Arabidopsis embryogenesis
[29,30]. Although FACS and LCM have been very useful
in many areas of plant transcriptome analyses, the
potential biases, such as the enzyme digestion in FACS
and mRNA amplification in LCM make these methods
less appealing to researchers who perform transcriptome
profiling of key biological processes such as meiosis
[22]. The lack of efficient methods to isolate meiocytes
largely accounts for the lack of progress in global identi-
fications of plant meiotic genes. At present, only 68
meiotic genes have been identified in Arabidopsis, lar-
gely through mutagenesis and phylogenetic experiments
[6-8,31] (Additional file 1, Table S1). By way of compar-
ison, 915 core-meiotic genes have been found in yeast
through microarray analysis, and more than 300 have
been studied at the molecular level [4].
In this paper, we describe the application of a newly
developed method to effectively collect male meiocytes,
which enables the collection of sufficient total RNA for
transcriptome studies from highly condensed meiocytes
without mRNA amplification. From the total RNA
collected using this method, we have applied RNA-Seq
technology and bioinformatic analysis to identify meio-
sis-specific genes in Arabidopsis. As a result, 55 genes on
pericentromeric region of chromosome II that covers a
large mitochondrial genomic insertion (MGI) and 1,036
transposable element (TE) genes were discovered to be
preferentially or specifically expressed in meiocytes.
Results
Transcriptome sequencing
The sequencing of meiocyte, anther and seedling tran-
scriptomes generated average genome and transcriptome
coverage over 10×. Technical replicates were highly
reproducible (Additional file 2, Figure S1 and Additional
file 3, Figure S2). The percentage of reads aligned to the
genome was an average of 79%, 75% and 81% for meio-
cyte, anther and seedling libraries, respectively. The per-
centage of reads aligned is a function both of the quality
of the libraries and the relative completeness of the Ara-
bidopsis genome. Through the comparative analysis of
sequencing datasets against the TAIR 9 reference data,
at the cutoff point of five reads per million reads, a total
of 13,723 genes were expressed in meiocytes, with
15,368 and 16,174 genes detected in seedling and anther
controls, respectively (Figure 2A). At a cutoff of one
read per million reads, however, 23,843, 19,930, and
21,473 genes were expressed in meiocytes, seedlings and
anthers, respectively. Together, the results suggest a sig-
nificantly large population of genes are expressed in
meiocytes at low levels.
Gene ontology (GO) analysis revealed groups of func-
tionally-related, annotated genes expressed in meio-
cytes (Figure S3). A comparative GO analysis among
previously annotated nuclear genes that were detected
in meiocytes, anthers and seedlings revealed distinct
gene expression profiles among the different tissues.
Notably, by cellular components, a significantly
increased number of functionally unknown cellular
Figure 1 Arabidopsis male meiocytes and anthers. A.
A collection of anthers that undergo meiosis. In the buffer, the
anther lobes should be clear and transparent (anther stages 5-7),
otherwise it has passed meiosis and at free microscope stage
(anther stages 8 or later). B. A thin section of a stage 6 anther. Male
meiocytes were developing in the centers of four anther lobes
(blue) with thick callose walls, and surrounded by tapetum (red) and
the other anther wall cells (gray). C. A collection of male meiocytes.
Male meiocytes clustered together in anther lobes in meiosis I and
develop clear and thick callose-wall through late meiosis I and
meiosis II, which are the indicators for distinguishing male
meiocytes from somatic cells. Bars, 500 μm (A), 20 μm (B and C).
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component genes were expressed in meiocytes, while
an increased percentage of other cytoplasmic compo-
nent genes were expressed in anthers and chloroplast
genes in seedlings (Figure 2C). In addition, when genes
expressed in meiocytes were partitioned by biological
process, a smaller number of genes function in DNA
or RNA metabolism, and a larger number of signal
transduction genes were observed, which suggested a
lower level of DNA or RNA metabolic activity and a
higher level of signal transduction occurs in meiosis
(Figure 2B). By molecular function, meiocytes demon-
strated significantly higher activities of nucleotide
binding and lower levels of kinase activities when com-
pared to anthers and seedlings (Figure 2D).
Statistical analysis
ANOVA analysis of all pair-wise differences between
seedling (S), anther control (A) and anther meiocytes
(M) was determined as described in the Materials and
Methods. A total of 16,088 differences were noted in
the three comparisons (S vs A = 12,871, S vs M =
13,385, A vs M = 10,157). The heat map analysis sug-
gested a number of the changes were unique to anthers
or meiocytes (Figure 3). Because of the high similarity in
Figure 2 Distribution of expressed mRNAs among gene function categories. A. Venn diagram of overall gene expression in meiocytes,
anthers, and seedlings. B. GO-Biological Process: Distribution and comparison of expressed and annotated genes in meiocytes, anthers and
seedlings, the significantly over- or underrepresented gene populations in DNA or RNA metabolism and signal transduction are marked with
stars (*). C. GO-Cellular Components: Distribution and comparison of expressed and annotated genes in meiocytes, anthers and seedlings, the
significantly over- or underrepresented genes among tissues are marked with stars (*) in unknown cellular components, other cytoplasmic
components, and chloroplast. D. GO-Molecular Function: Distribution and comparison of expressed and annotated genes in meiocytes, anthers
and seedlings, the significantly over- or underrepresented gene populations in nucleotide binding and kinase activity are marked with stars (*).
S = seedling, A = anther, M = meiocyte.
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technical replicates (Additional file 2, Figure S1, and
Additional file 3, Figure S2), a second filter of at least a
twofold or greater expression difference in the pair-wise
comparisons was performed to reduce the total number
of significant changes. This reduced the total number of
significantly expressed genes to 12,484 (Figure 4; S vs A
= 8,850, S vs M = 9,723, A vs M = 5,216). To find
unique meiosis genes that were only differentially
expressed within meiocytes compared to anthers, we
performed Venn Diagrams (Figure 4) of the significantly
expressed genes after ANOVA and the twofold filter.
There were 696 genes that were uniquely expressed in a
comparison of meiocytes anthers, among which 607
genes were preferentially expressed in meiocytes.
Transcript profiling of studied meiotic genes
In Arabidopsis, a total of 68 genes have been reported to
date with functions in meiosis (Additional file 1, Table
S1). Among them, MS5, AtSRP2, and AtSRP3 were not
detected in seedlings [32,33]; and MND1, AtSPO11-2,
AtSRP2 and MS5 were expressed at twofold or greater
levels in meiocytes than anthers. However, the expres-
sion levels of AtSRP2 and MND1 were very low in
meiocytes, at 0.7 reads per million reads [31-38]. 31
genes were expressed at twofold or greater in meiocytes
than in seedlings and 49 genes were expressed at two-
fold or greater in anthers than in seedlings. 29 of 68
genes were preferentially expressed in both meiocytes
and anthers compared to seedlings, which include key
meiotic recombination genes, such as AtSPO11-1,
AtDMC1, AtRAD51C, AtXRCC3, AtMSH4, AtMSH5,
AtMER3/RCK, PTD, AtMUS81, and SDS [39-55].
17 genes didn’t show significantly differential expression
in all explored tissues, which included genes that were
not meiosis-specific, or may function in both meiosis and
mitosis, i.e. AML2, AML3, AML5, ASK2, ATK5 [56-58].
Mitochondrial genomic insertion genes on chromosome II
are preferentially expressed in meiocytes
A large genomic block on chromosome II pericentro-
meric region was found to have genes expressed prefer-
entially in meiocytes. The genomic block included a
~270 KB region that was reported to be of mitochon-
drial genome origin [59,60], which was believed to be
approximately 620 KB with repeated mitochondrial
genomic fragments and an unsequenced gap [61]. In our
analysis, 152 genes were found in the region spanning
from At2G07650 to At2G08986 (chromosome positions
3222935-3626460) (Figure 5). With the cutoff of one
read per million reads in meiocytes, 100 genes on this
block were preferentially or specifically expressed in
meiocytes versus anthers. Among the 100 genes, 45
genes were considered to be only expressed in meiocytes
with less than one read per million reads in anthers, and
55 genes were preferentially expressed in meiocytes,
including 40 genes that were expressed at fourfold or
greater in meiocytes than in anthers (Figure 5B and
Additional file 4, Table S2).
Transposable element genes expressed in meiocytes
Transposable elements (TEs) are a ubiquitous feature of
plant genomes. At a cutoff of one read per million
reads, 1,271, 138, 379 TE genes were expressed in meio-
cytes, seedlings and anthers, respectively. In this study, a
total of 1,117 TE genes demonstrated differential
expression in meiocytes and anthers with at least a two-
fold difference (Additional file 5, Table S3). Among the
1,117 TE genes, 871 genes were only expressed in meio-
cytes with no reads or less than one read per million
reads in anthers, such as At3G30846, At2G13110; and
only 18 genes were only expressed in anthers. 228 genes
were detected in both meiocytes and anthers with differ-
ential expression, including 165 genes that were prefer-
entially expressed in meiocytes versus anthers, i. e.
At2G07080, At5G34851, and 63 genes were preferen-
tially expressed in anthers versus meiocytes, such as
At1G64270, At4G16870 (Additional file 5, Table S3).
Together, there were 1,036 TE genes up-regulated and
81 TE genes down-regulated in meiocytes versus in
anthers. Since the TE genes are enriched in the pericen-
tromeric regions, as shown in Figure 6, the distribution
of differentially expressed TEs in meiocytes versus
anthers is also seen at pericentromeric regions in all 5
chromosomes (Figure 6, Additional file 6, Figure S3 and
Additional file 5, Table S3).
GO analysis has demonstrated that meiocyte preferen-
tially expressed TE genes belong to 10 TE super families
with 3.73% of TEs that are unassigned (Figure 7, Addi-
tional file 5, Table S3). 35.94% of differentially expressed
TEs detected in meiocytes are LTR/Gypsy super family
transposons, and 21.47% of belong to the DNA/MuDR
super family. Additional details are also presented
(Figure 7, Additional file 5, Table S3). A tree-map of
functional categories using Agrigo-Revigo toolkit is also
provided (Additional file 7, Figure S4).
A comparative analysis of TE gene expression in meio-
cytes versus seedlings resulted in a total of 1,223 differ-
entially expressed TE genes (Additional file 8, Table S4).
Among the 1,223 TE genes, 1,148 genes were meiocyte-
specific with no reads or less than one read per million
reads in seedlings; and only 17 genes that were seedling-
specific. 58 genes were detected in both meiocytes and
seedlings with differential expression, including 27 genes
that were preferentially expressed in meiocytes, and
31 genes were preferentially expressed in seedlings.
Together, there were 1,165 TE genes up-regulated and
48 TE genes down-regulated in meiocytes versus in
seedlings (Additional file 8, Table S4).
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Discussion
Refining the criteria for meiotic gene identification by
profiling studied genes that function in meiosis
68 genes in Arabidopsis have been identified and charac-
terized with function in meiosis using forward and reverse
genetic approaches (Additional file 1, Table S1). The 68
known Arabidopsis genes with functions in meiosis can be
assigned to four functional categories: 1) genes which
function in homologous chromosome pairing and recom-
bination (e.g., AtSPO11-1, AtDMC1, AtRAD51, AtRAD51c,
AtXRCC3, AtMSH4, AtMER3/RCK) [40,45,46,55]; 2) genes
that encode structural proteins such as cohesin, histone,
centromere proteins and proteins for synaptonemal com-
plex assembly, e.g., SYN1/DIF1, SMC1, ZYP1, and ASY1
[62-66]; 3) genes which function in chromosome spindle
organization and movement (e.g. ATK1, AESP, ATK5/
AtKin14B, AtPS1) [58,67-70]; and 4) genes which encode
regulatory proteins such as MMD1/DUET, SDS, TAM,
and ASK1 [54,71-74]. By profiling the gene expression of
all 68 genes in meiocytes and control tissues, meiosis-spe-
cific candidate genes can be efficiently identified by follow-
ing the two criteria: 1) genes are expressed at twofold or
greater in meiocytes versus anthers; and/or 2) genes are
expressed at twofold or greater in both meiocytes and
anthers versus seedlings with the exclusion of genes that
are expressed at fourfold or greater in anthers versus
meiocytes.
Three genes, MND1, AtSRP2, AtSRP3, were expressed
at very low levels and only had 0.7 read per million
reads in meiocytes, which suggests more sequence data
or a lower cutoff point is needed in order to cover all
important meiosis-specific genes for these datasets
[33,35,36]. Only 4 genes (AtSPO11-2, MS5, MND1 and
AtSRP2) [32,33,36,75] meet the first criterion with pre-
ferential expression in meiocytes, and 29 genes were
expressed twofold or greater in both meiocytes and
anthers comparing to seedlings, which include key meio-
tic recombination genes, such as AtSPO11-1, AtDMC1,
ASY1, AtMLH3, AtRAD51C, AtXRCC3, AtMSH4,
AtMSH5, AtMER3/RCK, PTD, AtMUS81, and SDS
[49,76-78] (Additional file 1, Table S1). Genes that do
not meet the two criteria are unlikely to be meiosis-spe-
cific; for example, ATK5/KIN14B may also have impor-
tant roles in mitotic cell division [58,68]. AtRAD51 has a
meiosis-specific function in Arabidopsis, but it is
Figure 3 Heatmap of differential expression between all
pairwise comparisons using ANOVA analysis. S = seedling, A =
anther, M = meiocyte.
Figure 4 Venn diagram of uniquely expressed genes, and at
least twofold or greater changes between all pairwise
comparisons. S = seedling, A = anther, M = meiocyte.
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expressed in both meiocytes and non-meiotic somatic
cells [41], which is consistent to the RAD51 gene
expression in other organisms, such as mice B cells [79].
Most of the meiosis-specific genes, especially for those
in the meiotic recombination pathways could be identi-
fied by comparative analysis of transcriptome profiles of
meiocytes, anthers and seedlings [6-8,55] (Additional file
1, Table S1).
A visual representation of all statistically different
genes from the ANOVA is presented as in the Ward
Hierarchical Clustering, which suggests a number of
genes that are uniquely expressed in the anther as well
as the meiocyte that may be unique candidate genes for
control of expression (Figure 3). As shown in Figure 4,
with a cutoff point of 5 reads per million reads in at
least one sample, more than 1,000 candidate meiosis-
specific genes were identified through this approach
with an additional 607 genes that are preferentially
expressed in meiocytes (Figure 4).
The main purpose of profiling concentrated meiocytes
is to eliminate genes that are expressed and function in
anther wall development, which is critical, because those
genes would be included in the candidate gene pools for
entire anther development if transcriptomic analysis is
performed using anther materials [5]. A criterion we sug-
gest for meiotic gene identification is to exclude genes
that are expressed at fourfold or greater in anthers versus
meiocytes, although the gene expression level may be up-
regulated in both meiocytes and anthers versus seedlings.
For example, DYT1 was found in a gene pool by profiling
anther transcriptome compared to other organs, and
functions in regulating anther wall development [16,80].
Here we show that DYT1 was read at 7.8, 89.3, 0.0 reads
per million reads in meiocytes, anthers, and seedlings,
respectively. The differential expression indicates that
DYT1 is specifically expressed in anthers/meiocytes with
a significantly preferential expression in anthers, which is
consistent to its function in anther wall development
[80]. Another example is the ATA1 gene that was
reported to be highly expressed in tapetum [81], and the
RNA-Seq results read at 33.4, 564.6, 0.0 reads per million
reads in meiocytes, anthers and seedlings, respectively.
Both DYT1 and ATA1 were preferentially expressed in
anthers versus meiocytes, which implies the feasibility of
excluding the anther wall genes by comparative analysis
of transcriptome profiling of meiocytes, anthers and
seedlings. As indicated in criterion 2 for meiosis-specific
gene identification, genes that are expressed at fourfold
or greater in anthers versus meiosis should be considered
as non-meiosis-specific candidate genes, or candidate
genes for anther wall development.
Although this study has not included a parallel tran-
scriptome study of microspore/gametophyte, the life
after meiosis, a comparison of meiocytes (transition
from diploid sporophyte to haploid gametophyte) should
advance our understanding of the molecular connec-
tions between the two key processes of reproduction
development, as well as promoting the means of identi-
fication of meiosis-specific genes. Previously, pollen
transcriptome profiling using microarrays have found
7,235 genes expressed in Arabidopsis Landsberg erecta
with 387 pollen-specific [14] and 6,587 expressed in
Arabidopsis Col-0 ecotype[13]. Since the meiocytes we
collected included tetrads, there is likely to be a signifi-
cant overlap between meiocytes and microspores. A
further deep transcriptome sequencing using staged
meiosis-I meiocytes is currently being performed.
Genes in a mitochondria genomic insertion on
chromosome II were preferentially expressed in
meiocytes
Previously, genome sequence analyses of chromosome II
revealed a 270 kb chromosome region located on the
Figure 5 Distribution of preferentially expressed MGI genes in
meiocytes. A. Distribution of genes with significantly differential
expression on Chromosome II; B. A close up view, showing the
distribution of differentially expressed genes on MGI; C. Classification
of MGI genes that were preferentially expressed in meiocytes (also
see the Additional file 4, Table S2). M = meiocyte, A = anther.
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short arm adjacent to the centromere and was annotated
as a putative mitochondrial genome insertion (MGI)[59].
This annotation was adopted by TAIR [http://www.Ara-
bidopsis.org] and Salk T-DNA Express: the Arabidopsis
Gene Mapping Tool (http://signal.salk.edu/cgi-bin/
tdnaexpress). Fiber FISH analysis uncovered the structure
of the MGI in Col-0 ecotype as an approximately 620 kb
mitochondrial genomic insertion with several duplicated
segments and events [61]. Thirty-two orphan RNAs were
found on this region [82]. Since this region is in the
genetic centromere region and thought to be of mito-
chondrial origin, the function and transcript profile of
this genomic block remains unknown. Our data showed
that all 55 genes detected in both meiocytes and anthers
were preferentially expressed in meiocytes, in which 40
genes were expressed at fourfold or greater in meiocytes
versus anthers. (Figure 5B). 39% of the 55 genes encode
unknown proteins, 17% for pre-tRNAs, others are riboso-
mal proteins (11%), cytochrome proteins (11%), transpo-
sable elements (7%), transporter proteins (5%) and
NADH-ubiquinone proteins (5%), which suggest this
group of genes may function in meiosis (Figure 5C).
A preliminary investigation on the T-DNA insertion lines
targeted on MGI genes confirmed that some mutants on
the MGI block have meiotic phenotypes (Chen, et al.,
unpublished results), which further suggest the functions
of MGI in meiosis in the Col-0 ecotype of Arabidopsis.
Transposable element genes in meiosis
While transposable elements (TEs) make up to 14% of Ara-
bidopsis genome [83], the majority of TEs were silenced
during plant development since there were a lack of
mRNAs, but higher levels of small RNAs were detected
[84]. TEs’ activities were usually limited in just one or a few
of developmental stages, in which TEs were expressed [84].
In comparing the transcriptomes of anther and meiocytes,
we observed a large set of TEs that were expressed prefer-
entially or specifically in meiocytes versus anthers. At a cut-
off point of one read per million reads, a total of 1,271 TE
genes were expressed in meiocytes, which is about 32.5% of
3,907 TE genes reported or annotated in Arabidopsis [84]
[http://www.arabidopsis.org]. Relatively smaller numbers of
TE genes were expressed in controls: 379 and 138 in
anthers and seedlings, respectively. With 1,036 TE genes
up-regulated and 81 TE genes down-regulated in meiocytes
compared to anthers, TE genes may play unique roles in
meiosis. In addition, 1,165 TE genes were up-regulated and
48 TE genes down-regulated in meiocytes as compared to
seedlings, which are consistent with the comparison
between meiocytes and anthers, and demonstrated more
significant deviation between meiocytes and seedlings
(Additional file 5, Table S3, and Additional file 8, Table S4).
The abundant TE expression in meiocytes suggests sub-
stantial activities of TEs in meiosis. It is believed that TEs
affect recombination in all meiotic eukaryotes [85]. Recent
studies on postmeiotic gametophyte development have
found that TE genes are unexpectedly reactivated and
Figure 6 Chromosomal distribution of differentially expressed
TEs in meiocytes and anthers. The preferentially and specifically
expressed TEs in meiocytes are concentrated at pericentromeric
regions of all chromosomes. M = meiocyte, A = anther. I, II, III, IV,
and V refer to the chromosome numbers.
Figure 7 Super-family distribution of differentially expressed
TEs in meiocytes and anthers.
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transpose only in the vegetative nucleus, but not in the
sperm cells of pollen [86], which suggest that small inter-
fering RNAs (siRNAs) from TEs activated in the vegetative
nucleus can target silencing those in gametes [86]. In addi-
tion, small RNA pathways have been found to be present
and functional in the angiosperm male gametophytes [87].
During female gamete formation, AGO9 was found to pre-
ferentially interact with siRNAs derived from TEs and the
activity of AGO9 is required to silence TEs in female
gametes and their accessory cells [88]. The AGO9 gene
(At5G21150) was preferentially expressed in anthers ver-
sus meiocytes (M/A = 78.24/172.37) in this study, which is
consistent with the discovery of a postmeiotic function. In
contrast, the two AGO genes, At1G31290 (AGO3) and
At5G21030 (AGO8) were preferentially or specifically
expressed in meiocytes (At1G31290: M/A = 11.54/3.30;
At5G21030: M/A = 3.03/0.71), which suggest that mole-
cules regulating gene silencing and DNA modification in
meiosis differ from those of postmeiotic gametophyte
development, both in the male and the female. In the post-
meiotic gametes, the gene expression map has demon-
strated the similarities between plants and animals [89],
which may also be true in meiosis. To date, it still remains
largely unknown how TEs function in meiosis. It is possi-
ble that a large number of TEs are activated in meiosis
and then silenced after meiosis through siRNA machinery
and/or modification of heterochromatin.
Conclusion
A high-throughput approach to identify meiosis-specific
genes by comparative profiles of meiocyte, anther and
seedling transcriptomes using RNA-Seq, bioinformatic
and statistical analysis pipelines was established. Two cri-
teria for meiosis-specific gene identification were defined.
Using this method, thousands of genes that are preferen-
tially expressed in anthers would be excluded from a
meiosis-specific candidate gene pool; a MGI block was
found to be specifically expressed during meiosis; and
1,036 transposable element genes were also preferentially
expressed in meiocytes with potential functions in meiosis.
These findings provide a framework for future functional
analysis of genes in meiosis and advance our understand-
ing of meiotic genes, gene expression and regulation.
Methods
Plant and growth conditions
The Col-0 ecotype of wild-type Arabidopsis used in this
study was grown in plant growth chambers at 22°C/20°
C (day/night), in 65% humidity with a photoperiod of
16/8 (day/night).
Microscopy
Inflorescences and young flower buds were dissected
using an Olympus SZ40 stereo microscope (Olympus
Co., Tokyo, Japan). Inflorescence and anther photos
were taken using a SPOT digital camera (Diagnostic
instruments, Inc., Sterling Heights, MI, USA). Meiocytes
were collected using a modified inverted microscope
(see below). For photographs, one hour collections were
briefly centrifuged at 1,000 g for 30 second and resus-
pended in 5 μl 0.1% Toluidine Blue O in PBS buffer
(pH = 7.0). Anther thin sections were prepared as pre-
viously described [90].
Male meiocyte collection, and anther and seedling
preparation
A manual Arabidopsis meiocyte collection method, the
Capillary Collection of Meiocytes (CCM) was designed
for efficient meiocyte sampling. Briefly, anthers under-
going meiosis were collected (Figure 1A) then squashed
using a sharp clean forceps to release meiocytes. Capil-
lary glass pipettes were used to collect meiocytes under
an inverted microscope (Figure 1C). In this study, meio-
cytes cover all stages of meiosis, from leptotene to tet-
rad, were collected, although the CCM allows collecting
of staged meiotic cells, especially meiosis I-meiocytes.
Meiocytes were transferred to an Eppendorf tube con-
taining 500 μl of RNAlater (Ambion #7020), and were
kept at 4°C for up to one month for multiple collections
to achieve the desired cell number. Before extracting
RNA, meiocytes were centrifuged at 10,000 g for 5 min-
utes. The cell pellets were either frozen at -80°C or used
to extract RNA directly. One week (~25 hours) of col-
lection resulted in approximately 28,000 cells with a
purity of 98% meiocytes, which were used to extract
total RNA for building the sequencing library.
For controls, 600 of stage 5-7 anthers were directly
dissected and collected from stage 9 flower buds and
stored in RNAlater for up to 4 weeks before RNA
extraction. For collecting seedling samples, the Arabi-
dopsis Col-0 seeds were sowed in soil mix directly and
transferred to a growth chamber for 2 weeks. 10 seed-
lings were then carefully harvested and soil removed
using running water. Whole seedlings including shoots,
leaves and roots were then put on paper towel for a
few seconds to remove extra water and stored in
RNAlater.
RNA extraction and measurement
Total RNA from meiocytes, anthers and seedlings were
extracted using the Ambion RNAqueous®-Micro kit
(Ambion, #AM1931) according to the manufacturer’s
instructions. The total RNA yields were measured using
Invitrogen® Qubit™ fluorometer and Agilent Bioanalyzer
2100 microfluidics (Agilent, Santa Clara, CA). 8.04 μg of
total RNA resulted from the 28,000 meiocyte collection.
5.15 μg and 4.80 μg of total RNA were extracted from
anther and seedling controls, respectively.
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Sequencing library preparation
Poly-A containing RNA was isolated from total RNA
using oligo-dT25 magnetic beads (Dynabeads; Invitrogen,
Carlsbad, CA). After chemically reversing the Dynabead
binding, the RNA was denatured and used as template
for random-primed cDNA synthesis. The resulting
cDNA was end-repaired by incubation in the presence
of T4 DNA polymerase, Klenow polymerase and dNTPs.
The polished fragments were phosphorylated by T4
polynucleotide kinase, followed by the addition of a sin-
gle “A” base to the 3’-end of the blunt-ended phos-
phorylated DNA fragments. The fragments were then
ligated to an Illumina adapter oligo which has an over-
hanging 3’-T. Ligation products were size-selected by
electrophoresis for 1-2 hours at 80-110 V in low Tm
agarose containing ethidium bromide with size markers.
The gel was visualized with a brief UV exposure, and
the desired size range (300-500 bp) was excised. Purified
DNA libraries were amplified by PCR for 15 cycles.
Libraries were qualitatively and quantitatively assessed
by Nanodrop ND-1000 (Thermo Scientific, Waltham,
MA) UV/Vis spectroscopy and DNA BioAnalyzer 2100
microfluidics (Agilent, Santa Clara, CA).
Transcriptome sequencing
Two picomoles per channel of the size-selected meio-
cyte cDNA library was loaded onto an Illumina single-
end flow cell using the Illumina Cluster Station (Illu-
mina, Inc., San Diego, CA). Anther and seedling libraries
were sequenced as parallel controls. 36 bp reads were
collected on an Illumina Genome Analyzer using
sequencing-by-synthesis technology [91,92]. Image data
acquired from the sequencing run was base-called and
quality analyzed with the Illumina Genome Analysis
Pipeline software package. Technical replicates were
performed on different days and instruments. Approxi-
mately 21, 17 and 13 million reads were collected from
meiocyte, anther and seedling libraries, respectively,
with an average Illumina quality score of 31.
Data analysis and de novo assembly of transcriptome
Reads were aligned to the TAIR Release 9 of the Arabi-
dopsis genome and its associated annotations and gene
calls using GSNAP [93], the follow-on program to GMAP
[94]. This program aligns short read data to the reference
genomes and transcriptomes, with accommodation for
sequencing errors, indels and alternative splicing. The
alignment was managed through a pipeline associated
with the Alpheus data management software [95], and
loaded into the Alpheus-associated database for further
analysis. The gene expression functionality in Alpheus was
used to provide basic normalization and to return genomi-
cally-aligned reads per million per library. Candidate dif-
ferential gene expression was developed by querying the
database for read counts which were different in bi-direc-
tional comparisons between each of the tissue pairs.
In addition to alignments to the genome, reads were
assembled de novo using a hybrid assembly technique.
Reads were preliminarily assembled using ABySS-P
[96,97] and SSAKE [98], and the results of these assem-
blies merged using PCAP [99] to create the final assem-
bly. ABySS-P uses a parallel implementation of a de
Bruijn graph for assembly; SSAKE uses a stringent prefix
tree. Both robustly handle large numbers of short reads
to give an initial contig assembly. PCAP uses a more
classical overlap-layout-consensus approach to combine
and extend contigs. GO analysis was performed using
TAIR GO tools [http://www.Arabidopsis.org]. The
Agrigo-Revigo toolkit was applied for the classification
and annotation of TEs [100].
Visualization of genomic alignments
In addition to the individual read visualization in the
Alpheus software [95], data was extracted from the
database and loaded into a modified version of the
Comparative Map and Trait Viewer [101]. This visuali-
zation software allows the simultaneous viewing of the
genomic tract, a representation of the TAIR annotations
and reads from individual libraries and technical
replicates.
Statistical analysis of sequence-based differential
expression
Illumina GA reads that aligned to the genomic Arabi-
dopsis TAIR9 database were normalized by total reads
per million, and analysis was limited to one or more
total reads per million in at least one of the five sam-
ples. Technical replicates were performed on anther
and meiocytes. To provide a technical replicate for the
seedling controls, the seedling reads were split into
two unique columns based from the position of the
polony (each lane on the flow cell contains two col-
umns that are imaged - the columns were split into
two separate columns and were individually normal-
ized by total reads per million). All six samples were
then log2+1 transformed. Statistical analysis was per-
formed as previously described [102]. Briefly, normal
distribution was determined by overlaid kernel density
estimates, univariate distribution results, Mahalanobis
distances, correlation coefficients of pairwise sample
comparisons, unsupervised principal component analy-
sis (by Pearson product-moment correlation) and
Ward hierarchical clustering of Pearson product-
moment correlations of read frequencies were per-
formed with JMP Genomics, Version 4.0 (SAS Insti-
tute, Cary, NC). Analysis of variance against all
pairwise sample comparisons was performed with a 5%
false discovery rate (FDR).
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Meiotic gene identification and functional analysis
By comparing the sequencing datasets from three tis-
sues, genes which were differentially expressed in the
different organs suggest a potentially tissue-specific
function. Genes that were expressed only in meiocytes
or at twofold or greater in meiocytes versus anthers
were considered as candidates for meiosis-specific genes.
In addition, we identified novel candidate genes or
exons by comparing the alignment of the Arabidopsis
transcriptome and gene predictions to those reads
which aligned to unannotated regions of the genome.
Additional material
Additional file 1: Table S1. Transcript profiling of genes that
function in meiosis. Transcript profiling of 68 previously reported genes
that function in meiosis. Showing the signal intensity by reads per
million reads. M = meiocyte, A = anther, S = seedling.
Additional file 2: Figure S1. Parallel plot to demonstrate the
similarity of technical replicates. Showing high similarity of technical
replicates. Red–anther; green–meiocyte; blue–seedling. In this figure, no
technical replicates for seedlings were presented.
Additional file 3: Supplementary Figure S2. Figure S2. Scatterplot
matrix to demonstrate the correlations among all samples. The pairs
plots show the correlations among all samples. Anther_control = anthers;
Anther_meiosis = meiocytes.
Additional file 4: Table S2. A list of MGI genes that are
preferentially expressed in meiocytes. SN = serial number, MGI =
mitochondrial genomic insertion, M = meiocyte, A = anther.
Additional file 5: Supplementary Table S3. Table S3. A list of
differentially expressed TEs in meiocytes and anthers. The list of
differentially expressed TEs in meiocytes and anthers, the label of “–”
refers to zero (0) reads from anther. In addition to the mRNA signal
intensity of read counts (normalized as reads per million reads), this table
also provides gene ID, transposon ID, transposon family and super family.
The shaded rows are genes that down-regulated in meiocytes and
preferentially expressed in anthers. M = meiocyte, A = anther.
Additional file 6: Figure S3. Distribution of expressed mRNAs in
meiocytes among gene function categories. Percentage of gene
distribution and raw data are presented next to each category.
Additional file 7: Figure S4. Distribution of expressed TEs in
meiocytes among gene function categories. Treemaps of expressed
TEs in meiocytes generated by REVIGO. In each category, the size of the
rectangle is proportional to the population of functional groups. A.
Biological process. B. Cellular component. C. Molecular function.
Additional file 8: Table S4. A list of differentially expressed TEs in
meiocytes and seedlings. The list of differentially expressed TEs in
meiocytes and seedlings, the label of “–” refers to zero (0) reads from
seedling. The shaded rows are genes that down-regulated in meiocytes
and preferentially expressed in seedlings. M = meiocyte, S = seedling.
List of abbreviations
CCM: capillary collection of meiocyte; MGI: mitochondrial genomic insertion;
GO: gene ontology; TE: transposable element.
Acknowledgements
We sincerely thank Dr. Blake C. Meyers, and two anonymous reviewers for
comments on the manuscript, especially on TEs; Ross Peterson, Tao Li, and
Duane McDowell for plant care; Dr. Gary Gardner for help installing the
fluorescence microscope with digital imaging system. This project is
currently sponsored by the Biotechnology Research and Development
Corporation (BRDC) with the partnership of Dow AgroSciences, LLC. We also
greatly appreciated the support from the Academic Health Center at the
University of Minnesota and the Genome Sequencing Center at National
Center for Genome Resources.
Author details
1Department of Horticultural Science, University of Minnesota, 1970 Folwell
Avenue, St. Paul, MN 55108, USA. 2National Center for Genome Resources,
2935 Rodeo Park Drive E., Santa Fe, NM 87505, USA. 3Illumina Inc., Hayward,
California 94545, USA. 4Immunology, Lovelace Respiratory Research Institute,
2425 Ridgecrest Drive SE, Albuquerque, NM 87108, USA.
Authors’ contributions
CC, GDM, AGS, EFR designed the study and contributed to write the
manuscript. CC collected male meiocytes and prepared total RNA samples
for RNA-Seq, GDM and JH performed RNA-Seq and deposited datasets in
Alpheus, ADF, RJL, JM, JC, CC and EFR processed and analyzed the datasets.
All authors contributed to the manuscript preparation, and read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 1 July 2010 Accepted: 17 December 2010
Published: 17 December 2010
References
1. Bhatt AM, Canales C, Dickinson HG: Plant meiosis: the means to 1N. Trends
in Plant Science 2001, 6(3):114-121.
2. Bogdanov YF, Grishaeva TM, Dadashev SY: Similarity of the domain
structure of proteins as a basis for the conservation of meiosis.
International Review of Cytology 2007, 257:83-142.
3. Manheim EA, McKim KS: The Synaptonemal complex component C(2)M
regulates meiotic crossing over in Drosophila. Current Biology 2003,
13(4):276-285.
4. Primig M, Williams RM, Winzeler EA, Tevzadze GG, Conway AR, Hwang SY,
Davis RW, Esposito RE: The core meiotic transcriptome in budding yeasts.
Nature genetics 2000, 26(4):415-423.
5. Sanchez-Moran E, Mercier R, Higgins JD, Armstrong SJ, Jones GH,
Franklin FC: A strategy to investigate the plant meiotic proteome.
Cytogenet Genome Res 2005, 109(1-3):181-189.
6. Mercier R, Grelon M: Meiosis in plants: ten years of gene discovery.
Cytogenetic and genome research 2008, 120(3-4):281-290.
7. Hamant O, Ma H, Cande WZ: Genetics of meiotic prophase I in plants.
Annual review of plant biology 2006, 57:267-302.
8. Ma H: A molecular portrait of Arabidopsis meiosis. In The Arabidopsis Book
American society of Plant biologists. Edited by: Somerville CR, Meyerowitz
EM. Rock ville, MD; 2006:1-39 [http://www.aspb.org/publications/
arabidopsis/].
9. Initiative TAG: Analysis of the genome sequence of the flowering plant
Arabidopsis thaliana. Nature 2000, 408(6814):796-815.
10. Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P,
Stevenson DK, Zimmerman J, Barajas P, Cheuk R, et al: Genome-wide
insertional mutagenesis of Arabidopsis thaliana. Science 2003,
301(5633):653-657.
11. Yu J, Hu S, Wang J, Wong GK, Li S, Liu B, Deng Y, Dai L, Zhou Y, Zhang X,
et al: A draft sequence of the rice genome (Oryza sativa L. ssp. indica).
Science 2002, 296(5565):79-92.
12. Goff SA, Ricke D, Lan TH, Presting G, Wang R, Dunn M, Glazebrook J,
Sessions A, Oeller P, Varma H, et al: A draft sequence of the rice genome
(Oryza sativa L. ssp. japonica). Science 2002, 296(5565):92-100.
13. Pina C, Pinto F, Feijo JA, Becker JD: Gene family analysis of the
Arabidopsis pollen transcriptome reveals biological implications for cell
growth, division control, and gene expression regulation. Plant physiology
2005, 138(2):744-756.
14. Honys D, Twell D: Comparative analysis of the Arabidopsis pollen
transcriptome. Plant physiology 2003, 132(2):640-652.
15. Honys D, Twell D: Transcriptome analysis of haploid male gametophyte
development in Arabidopsis. Genome biology 2004, 5(11):R85.
16. Wijeratne AJ, Zhang W, Sun Y, Liu W, Albert R, Zheng Z, Oppenheimer DG,
Zhao D, Ma H: Differential gene expression in Arabidopsis wild-type and
Chen et al. BMC Plant Biology 2010, 10:280
http://www.biomedcentral.com/1471-2229/10/280
Page 10 of 13
mutant anthers: insights into anther cell differentiation and regulatory
networks. Plant Journal 2007, 52(1):14-29.
17. Huang MD, Wei FJ, Wu CC, Hsing YI, Huang AH: Analyses of advanced rice
anther transcriptomes reveal global tapetum secretory functions and
potential proteins for lipid exine formation. Plant physiology 2009,
149(2):694-707.
18. Wang Z, Liang Y, Li C, Xu Y, Lan L, Zhao D, Chen C, Xu Z, Xue Y, Chong K:
Microarray analysis of gene expression involved in anther development
in rice (Oryza sativa L.). Plant Moledular Biology 2005, 58(5):721-737.
19. Ma J, Duncan D, Morrow DJ, Fernandes J, Walbot V: Transcriptome
profiling of maize anthers using genetic ablation to analyze pre-meiotic
and tapetal cell types. Plant Journal 2007, 50(4):637-648.
20. Crismani W, Baumann U, Sutton T, Shirley N, Webster T, Spangenberg G,
Langridge P, Able JA: Microarray expression analysis of meiosis and
microsporogenesis in hexaploid bread wheat. BMC genomics 2006, 7:267.
21. Brady SM, Orlando DA, Lee JY, Wang JY, Koch J, Dinneny JR, Mace D,
Ohler U, Benfey PN: A high-resolution root spatiotemporal map reveals
dominant expression patterns. Science 2007, 318(5851):801-806.
22. Nelson T, Gandotra N, Tausta SL: Plant cell types: reporting and sampling
with new technologies. Current opinion in plant biology 2008,
11(5):567-573.
23. Emmert-Buck MR, Bonner RF, Smith PD, Chuaqui RF, Zhuang Z,
Goldstein SR, Weiss RA, Liotta LA: Laser capture microdissection. Science
1996, 274(5289):998-1001.
24. Nakazono M, Qiu F, Borsuk LA, Schnable PS: Laser-capture microdissection,
a tool for the global analysis of gene expression in specific plant cell
types: identification of genes expressed differentially in epidermal cells
or vascular tissues of maize. The Plant Cell 2003, 15(3):583-596.
25. Schnable PS, Hochholdinger F, Nakazono M: Global expression profiling
applied to plant development. Current opinion in plant biology 2004,
7(1):50-56.
26. Le BH, Wagmaister JA, Kawashima T, Bui AQ, Harada JJ, Goldberg RB: Using
genomics to study legume seed development. Plant physiology 2007,
144(2):562-574.
27. Cai S, Lashbrook CC: Stamen abscission zone transcriptome profiling
reveals new candidates for abscission control: enhanced retention of
floral organs in transgenic plants overexpressing Arabidopsis ZINC
FINGER PROTEIN2. Plant physiology 2008, 146(3):1305-1321.
28. Brooks L, Strable J, Zhang X, Ohtsu K, Zhou R, Sarkar A, Hargreaves S,
Elshire RJ, Eudy D, Pawlowska T, et al: Microdissection of shoot meristem
functional domains. PLoS genetics 2009, 5(5):e1000476.
29. Casson S, Spencer M, Walker K, Lindsey K: Laser capture microdissection
for the analysis of gene expression during embryogenesis of
Arabidopsis. Plant Journal 2005, 42(1):111-123.
30. Spencer MW, Casson SA, Lindsey K: Transcriptional profiling of the
Arabidopsis embryo. Plant physiology 2007, 143(2):924-940.
31. De Muyt A, Pereira L, Vezon D, Chelysheva L, Gendrot G, Chambon A,
Laine-Choinard S, Pelletier G, Mercier R, Nogue F, et al: A high throughput
genetic screen identifies new early meiotic recombination functions in
Arabidopsis thaliana. PLoS genetics 2009, 5(9):e1000654.
32. Glover J, Grelon M, Craig S, Chaudhury A, Dennis E: Cloning and
characterization of MS5 from Arabidopsis: a gene critical in male meiosis.
Plant Journal 1998, 15(3):345-356.
33. Ahn JW, Atwell BJ, Roberts TH: Serpin genes AtSRP2 and AtSRP3 are
required for normal growth sensitivity to a DNA alkylating agent in
Arabidopsis. BMC plant biology 2009, 9:52.
34. Domenichini S, Raynaud C, Ni DA, Henry Y, Bergounioux C: Atmnd1-delta1
is sensitive to gamma-irradiation and defective in meiotic DNA repair.
DNA Repair (Amst) 2006, 5(4):455-464.
35. Kerzendorfer C, Vignard J, Pedrosa-Harand A, Siwiec T, Akimcheva S,
Jolivet S, Sablowski R, Armstrong S, Schweizer D, Mercier R, et al: The
Arabidopsis thaliana MND1 homologue plays a key role in meiotic
homologous pairing, synapsis and recombination. Journal of Cell Science
2006, 119(Pt 12):2486-2496.
36. Panoli AP, Ravi M, Sebastian J, Nishal B, Reddy TV, Marimuthu MP,
Subbiah V, Vijaybhaskar V, Siddiqi I: AtMND1 is required for homologous
pairing during meiosis in Arabidopsis. BMC Molecular Biology 2006, 7:24.
37. Vignard J, Siwiec T, Chelysheva L, Vrielynck N, Gonord F, Armstrong SJ,
Schlogelhofer P, Mercier R: The interplay of RecA-related proteins and the
MND1-HOP2 complex during meiosis in Arabidopsis thaliana. PLoS
genetics 2007, 3(10):1894-1906.
38. Hartung F, Wurz-Wildersinn R, Fuchs J, Schubert I, Suer S, Puchta H: The
Catalytically Active Tyrosine Residues of Both SPO11-1 and SPO11-2 Are
Required for Meiotic Double-Strand Break Induction in Arabidopsis. The
Plant Cell 2007, 19(10):3090-3099.
39. Hartung F, Puchta H: Molecular characterisation of two paralogous SPO11
homologues in Arabidopsis thaliana. Nucleic Acids Research 2000,
28(7):1548-1554.
40. Grelon M, Vezon D, Gendrot G, Pelletier G: AtSPO11-1 is necessary for
efficient meiotic recombination in plants. EMBO Journal 2001,
20(3):589-600.
41. Li W, Chen C, Markmann-Mulisch U, Timofejeva L, Schmelzer E, Ma H,
Reiss B: The Arabidopsis AtRAD51 gene is dispensable for vegetative
development but required for meiosis. Proceedings of National Academy of
Sciences USA 2004, 101(29):10596-10601.
42. Puizina J, Siroky J, Mokros P, Schweizer D, Riha K: Mre11 deficiency in
Arabidopsis is associated with chromosomal instability in somatic cells
and Spo11-dependent genome fragmentation during meiosis. The Plant
Cell 2004, 16(8):1968-1978.
43. Li W, Yang X, Lin Z, Timofejeva L, Xiao R, Makaroff CA, Ma H: The
AtRAD51C gene is required for normal meiotic chromosome synapsis
and double-stranded break repair in Arabidopsis. Plant physiology 2005,
138(2):965-976.
44. Sanchez-Moran E, Santos JL, Jones GH, Franklin FC: ASY1 mediates
AtDMC1-dependent interhomolog recombination during meiosis in
Arabidopsis. Genes and Development 2007, 21(17):2220-2233.
45. Doutriaux MP, Couteau F, Bergounioux C, White C: Isolation and
characterisation of the RAD51 and DMC1 homologs from Arabidopsis
thaliana. Molecular and General Genetics 1998, 257(3):283-291.
46. Klimyuk VI, Jones JD: AtDMC1, the Arabidopsis homologue of the yeast
DMC1 gene: characterization, transposon-induced allelic variation and
meiosis-associated expression. Plant Journal 1997, 11(1):1-14.
47. Bleuyard JY, Gallego ME, Savigny F, White CI: Differing requirements for
the Arabidopsis RAD51 paralogs in meiosis and DNA repair. Plant Journal
2005, 41(4):533-545.
48. Bleuyard JY, White CI: The Arabidopsis homologue of XRCC3 plays an
essential role in meiosis. EMBO Journal 2004, 23(2):439-449.
49. Higgins JD, Armstrong SJ, Franklin FC, Jones GH: The Arabidopsis MutS
homolog AtMSH4 functions at an early step in recombination: evidence
for two classes of recombination in Arabidopsis. Genes and Development
2004, 18(20):2557-2570.
50. Chen C, Zhang W, Timofejeva L, Gerardin Y, Ma H: The Arabidopsis ROCK-
N-ROLLERS gene encodes a homolog of the yeast ATP-dependent DNA
helicase MER3 and is required for normal meiotic crossover formation.
Plant Journal 2005, 43(3):321-334.
51. Mercier R, Jolivet S, Vezon D, Huppe E, Chelysheva L, Giovanni M, Nogue F,
Doutriaux MP, Horlow C, Grelon M, et al: Two meiotic crossover classes
cohabit in Arabidopsis: one is dependent on MER3, whereas the other
one is not. Current Biology 2005, 15(8):692-701.
52. Wijeratne AJ, Chen C, Zhang W, Timofejeva L, Ma H: The Arabidopsis
thaliana PARTING DANCERS gene encoding a novel protein is required
for normal meiotic homologous recombination. Molecular Biology of the
Cell 2006, 17(3):1331-1343.
53. Berchowitz LE, Francis KE, Bey AL, Copenhaver GP: The role of AtMUS81 in
interference-insensitive crossovers in A. thaliana. PLoS genetics 2007, 3(8):
e132.
54. Azumi Y, Liu D, Zhao D, Li W, Wang G, Hu Y, Ma H: Homolog interaction
during meiotic prophase I in Arabidopsis requires the SOLO DANCERS
gene encoding a novel cyclin-like protein. EMBO Journal 2002,
21(12):3081-3095.
55. Wijeratne AJ, Morita T: Genetic analyses of meiotic recombination in
Arabidopsis. Journal of Integrative Plant Biology 2007, 49(8):1199-1207.
56. Kaur J, Sebastian J, Siddiqi I: The Arabidopsis-mei2-like genes play a role
in meiosis and vegetative growth in Arabidopsis. The Plant Cell 2006,
18(3):545-559.
57. Zhao D, Han T, Risseeuw E, Crosby WL, Ma H: Conservation and
divergence of ASK1 and ASK2 gene functions during male meiosis in
Arabidopsis thaliana. Plant Molecular Biology 2003, 53(1-2):163-173.
58. Quan L, Xiao R, Li W, Oh SA, Kong H, Ambrose JC, Malcos JL, Cyr R, Twell D,
Ma H: Functional divergence of the duplicated AtKIN14a and AtKIN14b
genes: critical roles in Arabidopsis meiosis and gametophyte
development. Plant Journal 2008, 53(6):1013-1026.
Chen et al. BMC Plant Biology 2010, 10:280
http://www.biomedcentral.com/1471-2229/10/280
Page 11 of 13
59. Lin X, Kaul S, Rounsley S, Shea TP, Benito MI, Town CD, Fujii CY, Mason T,
Bowman CL, Barnstead M, et al: Sequence and analysis of chromosome 2
of the plant Arabidopsis thaliana. Nature 1999, 402(6763):761-768.
60. Copenhaver GP, Nickel K, Kuromori T, Benito MI, Kaul S, Lin X, Bevan M,
Murphy G, Harris B, Parnell LD, et al: Genetic definition and sequence
analysis of Arabidopsis centromeres. Science 1999, 286(5449):2468-2474.
61. Stupar RM, Lilly JW, Town CD, Cheng Z, Kaul S, Buell CR, Jiang J: Complex
mtDNA constitutes an approximate 620-kb insertion on Arabidopsis
thaliana chromosome 2: implication of potential sequencing errors
caused by large-unit repeats. Proceedings of the National Academy of
Sciences USA 2001, 98(9):5099-5103.
62. Higgins JD, Sanchez-Moran E, Armstrong SJ, Jones GH, Franklin FC: The
Arabidopsis synaptonemal complex protein ZYP1 is required for
chromosome synapsis and normal fidelity of crossing over. Genes and
Development 2005, 19(20):2488-2500.
63. Bai X, Peirson BN, Dong F, Xue C, Makaroff CA: Isolation and
characterization of SYN1, a RAD21-like gene essential for meiosis in
Arabidopsis. The Plant Cell 1999, 11(3):417-430.
64. Bhatt AM, Lister C, Page T, Fransz P, Findlay K, Jones GH, Dickinson HG,
Dean C: The DIF1 gene of Arabidopsis is required for meiotic
chromosome segregation and belongs to the REC8/RAD21 cohesin gene
family. Plant Journal 1999, 19(4):463-472.
65. Lam WS, Yang X, Makaroff CA: Characterization of Arabidopsis thaliana
SMC1 and SMC3: evidence that AtSMC3 may function beyond
chromosome cohesion. Journal of Cell Science 2005, 118(Pt 14):3037-3048.
66. Armstrong SJ, Caryl AP, Jones GH, Franklin FC: ASY1, a protein required for
meiotic chromosome synapsis, localizes to axis-associated chromatin in
Arabidopsis and Brassica. Journal of Cell Science 2002, 115(Pt 18):3645-3655.
67. d’Erfurth I, Jolivet S, Froger N, Catrice O, Novatchkova M, Simon M,
Jenczewski E, Mercier R: Mutations in AtPS1 (Arabidopsis thaliana parallel
spindle 1) lead to the production of diploid pollen grains. PLoS genetics
2008, 4(11):e1000274.
68. Ambrose JC, Cyr R: The kinesin ATK5 functions in early spindle assembly
in Arabidopsis. The Plant Cell 2007, 19(1):226-236.
69. Liu Z, Makaroff CA: Arabidopsis separase AESP is essential for embryo
development and the release of cohesin during meiosis. The Plant Cell
2006, 18(5):1213-1225.
70. Chen C, Marcus A, Li W, Hu Y, Calzada JP, Grossniklaus U, Cyr RJ, Ma H: The
Arabidopsis ATK1 gene is required for spindle morphogenesis in male
meiosis. Development 2002, 129(10):2401-2409.
71. Yang M, Hu Y, Lodhi M, McCombie WR, Ma H: The Arabidopsis SKP1-LIKE1
gene is essential for male meiosis and may control homologue
separation. Proceedings of National Academy of Sciences USA 1999,
96(20):11416-11421.
72. Magnard JL, Yang M, Chen YC, Leary M, McCormick S: The Arabidopsis
gene tardy asynchronous meiosis is required for the normal pace and
synchrony of cell division during male meiosis. Plant Physiology 2001,
127(3):1157-1166.
73. Reddy TV, Kaur J, Agashe B, Sundaresan V, Siddiqi I: The DUET gene is
necessary for chromosome organization and progression during male
meiosis in Arabidopsis and encodes a PHD finger protein. Development
2003, 130(24):5975-5987.
74. Yang X, Makaroff CA, Ma H: The Arabidopsis MALE MEIOCYTE DEATH1
gene encodes a PHD-finger protein that is required for male meiosis.
The Plant Cell 2003, 15(6):1281-1295.
75. Stacey NJ, Kuromori T, Azumi Y, Roberts G, Breuer C, Wada T, Maxwell A,
Roberts K, Sugimoto-Shirasu K: Arabidopsis SPO11-2 functions with
SPO11-1 in meiotic recombination. Plant Journal 2006, 48(2):206-216.
76. Franklin FC, Higgins JD, Sanchez-Moran E, Armstrong SJ, Osman KE,
Jackson N, Jones GH: Control of meiotic recombination in Arabidopsis:
role of the MutL and MutS homologues. Biochemical Society Transactions
2006, 34(Pt 4):542-544.
77. Higgins JD, Buckling EF, Franklin FC, Jones GH: Expression and functional
analysis of AtMUS81 in Arabidopsis meiosis reveals a role in the second
pathway of crossing-over. Plant Journal 2008, 54(1):152-162.
78. Higgins JD, Vignard J, Mercier R, Pugh AG, Franklin FC, Jones GH: AtMSH5
partners AtMSH4 in the class I meiotic crossover pathway in Arabidopsis
thaliana, but is not required for synapsis. Plant Journal 2008, 55(1):28-39.
79. Li MJ, Peakman MC, Golub EI, Reddy G, Ward DC, Radding CM, Maizels N:
Rad51 expression and localization in B cells carrying out class switch
recombination. Proceedings of National Academy of Sciences USA 1996,
93(19):10222-10227.
80. Zhang W, Sun Y, Timofejeva L, Chen C, Grossniklaus U, Ma H: Regulation of
Arabidopsis tapetum development and function by DYSFUNCTIONAL
TAPETUM1 (DYT1) encoding a putative bHLH transcription factor.
Development 2006, 133(16):3085-3095.
81. Lebel-Hardenack S, Ye D, Koutnikova H, Saedler H, Grant SR: Conserved
expression of a TASSELSEED2 homolog in the tapetum of the dioecious
Silene latifolia and Arabidopsis thaliana. Plant Journal 1997, 12(3):515-526.
82. Riano-Pachon DM, Dreyer I, Mueller-Roeber B: Orphan transcripts in
Arabidopsis thaliana: identification of several hundred previously
unrecognized genes. Plant Journal 2005, 43(2):205-212.
83. Okamoto H, Hirochika H: Silencing of transposable elements in plants.
Trends in Plant Science 2001, 6(11):527-534.
84. Belo A, Nobuta K, Venu RC, Janardhanan PE, Wang G, Meyers BC:
Transposable element regulation in rice and Arabidopsis: Diverse
patterns of active expression and siRNA-mediated silencing. Tropical
Plant Biology 2008, 1(1):72-84.
85. Gorelick R: Transposable elements suppress recombination in all meiotic
eukarytes, including automictic ancient asexuals: a reply to Schon and
Martens. Journal of Natural History 2003, 37:903-909.
86. Slotkin RK, Vaughn M, Borges F, Tanurdzic M, Becker JD, Feijo JA,
Martienssen RA: Epigenetic reprogramming and small RNA silencing of
transposable elements in pollen. Cell 2009, 136(3):461-472.
87. Grant-Downton R, Hafidh S, Twell D, Dickinson HG: Small RNA pathways
are present and functional in the Angiosperm male gametophyte.
Molecular Plant 2009, 2(3):500-512.
88. Olmedo-Monfil V, Duran-Figueroa N, Arteaga-Vazquez M, Demesa-Arevalo E,
Autran D, Grimanelli D, Slotkin RK, Martienssen RA, Vielle-Calzada JP:
Control of female gamete formation by a small RNA pathway in
Arabidopsis. Nature 464(7288):628-632.
89. Wuest SE, Vijverberg K, Schmidt A, Weiss M, Gheyselinck J, Lohr M,
Wellmer F, Rahnenfuhrer J, von Mering C, Grossniklaus U: Arabidopsis
female gametophyte gene expression map reveals similarities between
plant and animal gametes. Current Biology 2010, 20(6):506-512.
90. Hord CL, Chen C, Deyoung BJ, Clark SE, Ma H: The BAM1/BAM2 receptor-
like kinases are important regulators of Arabidopsis early anther
development. The Plant Cell 2006, 18(7):1667-1680.
91. Sugarbaker DJ, Richards WG, Gordon GJ, Dong L, De Rienzo A, Maulik G,
Glickman JN, Chirieac LR, Hartman ML, Taillon BE, et al: Transcriptome
sequencing of malignant pleural mesothelioma tumors. Proceedings of
the National Academy of Sciences USA 2008, 105(9):3521-3526.
92. Ossowski S, Schneeberger K, Clark RM, Lanz C, Warthmann N, Weigel D:
Sequencing of natural strains of Arabidopsis thaliana with short reads.
Genome research 2008, 18(12):2024-2033.
93. Wu TD, Nacu S: Fast and SNP-tolerant detection of complex variants and
splicing in short reads. Bioinformatics 2010, 26(7):873-881.
94. Wu TD, Watanabe CK: GMAP: a genomic mapping and alignment
program for mRNA and EST sequences. Bioinformatics 2005,
21(9):1859-1875.
95. Miller NA, Kingsmore SF, Farmer A, Langley RJ, Mudge J, Crow JA,
Gonzalez AJ, Schilkey FD, Kim RJ, van Velkinburgh J, et al: Management of
High-Throughput DNA Sequencing Projects: Alpheus. Journal of computer
science and systems biology 2008, 1:132.
96. Birol I, Jackman SD, Nielsen CB, Qian JQ, Varhol R, Stazyk G, Morin RD,
Zhao Y, Hirst M, Schein JE, et al: De novo transcriptome assembly with
ABySS. Bioinformatics 2009, 25(21):2872-2877.
97. Simpson JT, Wong K, Jackman SD, Schein JE, Jones SJ, Birol I: ABySS: a
parallel assembler for short read sequence data. Genome Research 2009,
19(6):1117-1123.
98. Warren RL, Sutton GG, Jones SJ, Holt RA: Assembling millions of short
DNA sequences using SSAKE. Bioinformatics 2007, 23(4):500-501.
99. Huang X, Yang SP: Generating a genome assembly with PCAP. Current
protocols in bioinformatics/editoral board, Andreas D Baxevanis, et al 2005,
Chapter 11:Unit11 13.
100. Du Z, Zhou X, Ling Y, Zhang Z, Su Z: agriGO: a GO analysis toolkit for the
agricultural community. Nucleic acids research 38(Suppl):W64-70.
101. Sawkins MC, Farmer AD, Hoisington D, Sullivan J, Tolopko A, Jiang Z,
Ribaut JM: Comparative map and trait viewer (CMTV): an integrated
bioinformatic tool to construct consensus maps and compare QTL and
Chen et al. BMC Plant Biology 2010, 10:280
http://www.biomedcentral.com/1471-2229/10/280
Page 12 of 13
functional genomics data across genomes and experiments. Plant
molecular biology 2004, 56(3):465-480.
102. Mudge J, Miller NA, Khrebtukova I, Lindquist IE, May GD, Huntley JJ, Luo S,
Zhang L, van Velkinburgh JC, Farmer AD, et al: Genomic convergence
analysis of schizophrenia: mRNA sequencing reveals altered synaptic
vesicular transport in post-mortem cerebellum. PLoS ONE 2008, 3(11):
e3625.
doi:10.1186/1471-2229-10-280
Cite this article as: Chen et al.: Meiosis-specific gene discovery in plants:
RNA-Seq applied to isolated Arabidopsis male meiocytes. BMC Plant
Biology 2010 10:280.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Chen et al. BMC Plant Biology 2010, 10:280
http://www.biomedcentral.com/1471-2229/10/280
Page 13 of 13
